Off and vaccinia virus preparations adsorbed to carbon coated grids were treated in various ways. Two general patterns of degradation were noted. The particle lost its shape and increased in surface area when the internal envelope disintegrated. When the membranous external envelope was degraded no change in virus size or shape was noted. The range of agents that degraded the external envelope suggests that it is a lipid-protein (probably proteolipid) membrane.
INTRODUCTION
A general review of the poxviruses has been provided by Joklik (I966) . These viruses show two interchangeable appearances; a phosphotungstate-impermeable 'M' form with a ridged surface and a slightly larger phosphotungstate-permeable 'C' form with a smooth surface, which shows a complex envelope enclosing a nucleoid 0Vestwood et aL 1964; Nagington &Horne, I962; Peters, Muller & Buttner, 1964) . Peters and co-workers have shown that proteolytic enzymes remove material from the central region of vaccinia (Peters, I956, 1958, I96o) and off (Buttner et al. 1964) viruses and cause virus flattening. Easterbrook (I966) reported that treatment of vaccinia virus suspensions with a detergent (Nonidet) and 2-mercaptoethanol removed the outer layer of the envelope, leaving a partially uncoated virus which he termed a core.
Zwartouw (I964) showed the chemical constitution of vaccinia virus to be 9I .86 % protein, 3"2 ~/o DNA and 5% lipid (cholesterol 1.2 %; phospholipid 2.I %; neutral lipid, I'7%). This substantially agrees with the evidence of Smadel, Lavin & Dubos (194 o) and Hoagland, Smadel & Rivers 094o) , who further recorded that the cholesterol in it is mainly unesterified.
Off virus is smaller than vaccinia virus (Nagington, Newton & Home, 1964) but I4-2 contains approximately the same amount of DNA (Nagington et al. 1964; Allison & Burke, 1962; Sarov & Becker, 1967) and the same proportion of protein (Nitrogen I4"7 % in both viruses; Nagington et al. I964; Zwartouw, I964).
The present experiments were designed to investigate the molecular structure of the virus envelope with particular reference to the possible role of lipid.
METHODS
Vaccinia virus was obtained as glycerinated smallpox vaccine (Lister Institute of Preventive Medicine, Elstree, Herts). Virus samples were stored at 4 ° and discarded when 6 weeks old.
Off virus (Wellcome Laboratories) was provided as dried ovine scabs. Grids were prepared from the supernatant fluids of lO to 20 mg. of scab preparation in 4 to 5 drops of o.I M-phosphate buffer pH 7"5. The supernatant fluid was stored at 4 ° and discarded after one week.
Enzymes were used as follows: Trypsin (Sigma, bovine pancreas, 2 × crystallized) 5o/zg./ml. to I mg./ml, in o.o2 M-tris buffer (pH 8.o) with IO-3M-CaC12. Chymotrypsin (Sigma, bovine pancreas, 2 × crystallized) I mg./ml, in O'O2M-tris buffer (pH 8"0) with IO-3M-CaCl2. Papain (Sigma, papaya latex, 2× crystallized), Img./ml. in O-IMphosphate buffer (pH 7"5) with cysteine I mg./ml. DNase II (Koch-Light and Co. Ltd, Poyle Trading Estate, Colnbrook, bovine spleen) o'25mg./ml, in O-IM-phosphate buffer (pH 7"5) with IO-~M-MgC12. Lipase (Koch-Light and Co. Ltd, Poyle Trading Estate, Colnbrook, wheat germ) 0"25 mg./ml, in O.IM-phosphate buffer (pH 7"5)-Phospholipase A (Dr G. R. Webster, Guy's Hospital from Ross Allen's Reptile Institute, Silver Springs, Florida, Agkistrodon piscivorum piscivorum venom), IOO fig./ ml. in o-I M-phosphate buffer (pH 7"5) or in O-O2M-tris buffer (pH 8.0) with rO-3M -CaCI2; the solution was boiled and then one drop of ether was added per ml. of enzyme solution.
All enzymes prepared for cytochemical digestion were assayed for extraneous enzyme activities. Proteolytic activity against casein was assayed by Kunitz's method (Laskowski, 1955) ; activity against purified DNA (Koch-Light and Co. Ltd, Poyle Trading Estate, Colnbrook, salmon sperm) was assayed by the method of Kunitz (I95O). Lipolytic activity against purified triolein (Dr G. R. Webster, Guy's Hospital) and phospholipase activity against egg yolk lecithin (Dr Y. H. Abdulla, Guy's Hospital) were assayed chromatographically. Enzyme preparations (o'5ml.) were incubated with equal amounts of lipid. The reaction products were extracted with chloroform + methanol (2:i, v/v) and spotted on to Silica gel G (Merck) thin-layer chromatogram plates. After separation with 1,2-dichloroethane the lipids were stained with iodine vapour to detect the presence of free fatty acids. Apart from papain, all enzyme preparations were shown to be active against the relevant substrates and uncontaminated with extraneous activity. The papain preparation digested both DNA and protein.
Solvents. Chloroform + methanol +hydrochloric acid (66: 33:1, v/v/v; Analar), chloroform + methanol (2: I, v/v; Analar), diethylether (May and Baker), acetone (May and Baker), carbon tetrachloride (May and Baker), 2-mercaptoethanol (Sigma type I), sodium deoxycholate (2.5mg./ml.) and sodium glycocholate (2.5mg./ml.). Acetone was used either wet or dehydrated with sodium sulphate; since both the wet and the dry solvent were used in each experiment but the experimental results were the same, the text refers simply to acetone.
Solvent extraction of lipids has been used to provide general information about the virus lipids and to confirm the results obtained from specific enzyme hydrolyses. Hoagland et al. (i94o) and Zwartouw (I964) found that vaccinial cholesterol was extracted by ether at 4 ° or by acetone at 37 °, while neutral lipid and phosphoglyceride were extracted by acetone at 37 ° but not by ether at 4 ° though they are more soluble in ether. Solvent lipid extraction and the effect of such factors as temperature, fatty acid saturation and chain length, solvent hydration and protein bonding have been extensively investigated (Autilio & Norton, I963; Dervichian, I964; Hanahan, I96O; LeBaron & Folch, i956; Adams & Bayliss, I968) .
Procedure. Vaecinia virus was adsorbed to carbon-coated grids for ½ to 3 min., then without drying washed in 3 changes of O.IM-phosphate buffer (pH 7"5) for a total of 3 to Io min. The grids were treated with solvents or enzymes for 3o min. Extractions were performed at 2o ° and digestions at 37 ° . The grids were washed in three changes of phosphate buffer for a total of 5 min. Some grids were treated with solvents or enzymes for a further period of 3o min. After the last solvent or enzyme treatment the grids were again washed in phosphate buffer and then washed in two changes of distilled water (I min. each). The grids were stained for 4o sec. with an aqueous solution of 5 % sodium phosphotungstate (pH 7"5) with or without 0"5 % bovine serum albumin; they were then taken twice through a meniscus of distilled water to remove excess stain and finally they were dried on filter paper.
Grids were viewed in an RCA.EMU 3 E electron microscope using the high magnification intermediate lens pole piece and were photographed at instrumental magnifications of 4o,ooo to 7o,ooo. The instrumental magnification was calibrated using a diffraction grating replica with 37,5o0 lines/inch.
Measurements of virus particle size are expressed as the mean figure with the standard deviation (where appropriate); the number of measurements made is quoted. The thickness of the internal envelope subunits and of the envelope and external envelope was measured in groups of viruses with a Pye travelling microscope. The mean values of about 3 ° measurements are quoted.
Controls. All the results described were reproducible in separate experiments each of which incorporated controls. All grids were prepared in duplicate and in each experiment about five pairs of grids were prepared at the same time and were examined on the same day. The nature of the control preparations was varied; for instance, controls for the ether-trypsin sequence included ether, trypsin, trypsin/ether and untreated viruses.
Assessment of results. Morphology and size vary in any virus population. In vaccinia and orf viruses the proportion of spontaneously degenerate particles is small, so the state of the majority of viruses in controlled experiments reflected the presence or absence of cytochemically induced changes. Measurements of the long and short axes of virus particles, after conversion into the axis ratio and axis product, permitted a mathematical comparison of virus populations and also gave a rough assessment of alterations in shape and surface area. Probability values are expressed as 2P.
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General structure R E S U L T S
Data from the present experiments were in general accord with published material (Tables I to 3 ).
The surface ridges of poxviruses. The intermediate forms of orf virus showed surface ridges like the 'M' form, but like the 'C' form they were permeated by stain. The inner surface of the internal envelope was smooth while the external envelope showed ridges and troughs. The envelope thickness in the troughs (115 to 200 A) may be less than the height of internal envelope subunit+external envelope (I6O~), suggesting bending of some subunits with rearrangement of any intersubunit material. The ridged form was also significantly smaller than the 'C' form (2P o-oo5; Table 3 )- Table 4 and text. Grids were viewed within 4 hr of preparation (see Harris & Westwood, 1964) . 
Results of chemical treatments
Treatments of group A (Table 4) affected neither the morphology nor the dimensions of virus particles.
Treatments of group B (Table 4 ; P1. IC, d; PI. 2; P1. 4 a) produced round to oval virus particles whose axis ratio was reduced and axis product was increased. The changes were reproducible (see Table 4 ) and significant (2P < o.ooI ; Table 5 ). Virus particles were enclosed by a 3o ~ membrane, the external envelope. No. particles measured Axis ratio Axis product Table 7 . t~ degraded. Traces of this structure were rarely seen when concentrated trypsin (t mg./ ml.) was used in the lipid solvent/lipolytic enzyme -+ trypsin sequence, but were often noted with dilute trypsin (5 ° to Ioo#g./ml.); such particles showed lesser alteration of their dimensions (Table 6 ). The controls for these experiments included use of the reverse sequence (trypsin ~ lipolytic enzyme/lipid solvent) and treatment with each enzyme or chemical solvent alone; experimental and control grids were incubated in the same Petri dish (Table 4) . The increase in axis product is I2"4 % for vaccinia virus and 28'8 %00 for orf virus, the higher standard deviations of measurements on treated virus particles characterizes observed increased variation among these viruses. Two-thirds One-third * The remaining one-third of Viruses show traces of the internal envelope (vaccinia, axis ratio I "27 axis product 6.68, N = 40).
The effect of various treatments on vaccinia and orf viruses
t One-third of viruses show traces of the internalenvelope and the remaining third showno morphological change.
Alkaline hydrolysis with t N-KOH produced severe degradation, few recognizable particles being found. Many degraded virus particles were found following hydrolysis with o.I N-KOH (P1. I d; vaccinia 33o 9 x 2778 ~,, axis ratio I "I9, axis product 9"I9); they were enlarged and approximately oval-circular in shape.
The sodium glycocholate --> trypsin (65#g./ml.) sequence produced the same changes as the lypolytic enzyme -+ trypsin (65 #g./ml.) sequence. Isolated treatment with bile salts had no effect on morphology.
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Treatments of group C (Table 4; P1. I b, c) gave primarily progressive degradation of the peripheral part of the virus envelope; such virus particles retained their normal size and shape and the inner part of the virus envelope was visible. This type of degradation was produced by chloroform methanol (a:I, v/v, I5 min.; P1. Ib; vaccinia 27oi x zo6I ~,, axis ratio I "32, axis product 5"59) but more severely degraded viruses were also present. Few recognizable viruses were found after treatment with chloroform methanol HCI (66: 33:I v/v/v, I5 min.) .
The effect of 2-mercaptoethanol is shown in Table 6 .
DISCUSSION
The two distinct patterns of virus breakdown can be related to preferential degradation of either the internal or the external envelope. The range of agents to which each structure is susceptible provides information concerning its chemical constitution. The external envelope is degraded by chloroform methanol but not by carbon tetrachloride, acetone, ether or lipolytic enzymes (Table 8 ). It is degraded by o'5 to 2 % 2-mercaptoethanol, though only when this is dissolved in a lipid solvent (Table 7) , but it is not degraded by proteolytic enzymes. These collective observations suggest that the external envelope contains both lipid and protein in the form of a lipidprotein complex that is more likely to be a proteolipid than a lipoprotein. Table 7 . ? See Easterbrook 0966). The other experiments are described in Table 4 and the text.
The internal envelope is degraded by trypsin, but trypsin is only effective if the viruses have been pretreated with a lipolytic enzyme or lipid solvent (Table 9 ). This structure is also degraded by IO to 15 ~ 2-mercaptoethanol but breakdown is more complete when the 2-mercaptoethanol is dissolved in a lipid solvent (Table 7) . Thus the internal envelope protein is presumably protected by associated lipid and only becomes digestible by proteolytic enzymes when this lipid has been previously modified.
Pretreatment with phospholipase A or with lipase modifies this lipid to permit tryptic digestion of the protein. The phospholipase A preparation was shown to be inactive against triglyceride and the lipase preparation did not hydrolyse lecithin (see materials). Thus the lipid that protects the internal envelope protein presumably contains both phosphoglyceride and triglyceride. Table 7 . The other experiments are described in Table 4 and the text.
There is additional evidence concerning the nature and distribution of lipids in vaccinia virus: (I) vaccinial phospholipid has a P:N ratio of I (Hoagland et al. I94O) ; when released during uncoating most of it can be recovered as glycerophosphate (Joklik, I964a, b) , a degradation product of phosphoglyceride. One can infer that phosphoglyceride is the main phospholipid in vaccinia virus. As vaccinial non-DNA carbohydrate accounts for only 0.2 % of the virus (Zwartouw, I964) one may further infer that phosphoglyceride is the chief polar lipid; (2) most vaccinial phospholipid is released during thefirst stage ofintracellular uncoating (Joklik, I964a, b) , a stage which appears to involve removal of the external envelope without disruption of the internal envelope subunits (Dales, I963); (3) Hoagland et aL (I94o) found that vaccinial cholesterol was more efficiently extracted by ether (o °, 96 hr) than 'neutral lipid' or phospholipid (see Zwartouw, I964 for lipid extraction under other conditions). These collective observations suggest that the vaccinial internal envelope protein (visible subunits) is associated with lipid, the major portion of which is phosphoglyceride and triglyceride. The phosphoglyceride molecule possesses a polar end and a non-polar portion, while the triglyceride has no polar groups. Phosphoglyceride can thus be envisaged as an orientated molecular monolayer enclosing the subunit protein; protein associated by its charged phosphatidyl choline (phosphatidyl ethanolamine, phosphatidyl serine) radical and triglyceride associated by its uncharged diacyl portion.
The molecular model of the vaccinial envelope (P1. 4 b) is presented as the simplest model that is consistent with the experimental evidence. The size and deduced arrangement of the lipid molecules is consistent with observed intersubunit spacing in the plane of the model (Table 2 ) and the distribution of non-polar lipid is consistent with plasticity suggested by the morphology of conversion into the ridged form of the virus (vide supra).
